and to suppress them with suppressor genes which insert specific amino acids at the point in the polypeptide chain where translation ends. If the same suppressor gene is crossed into each of the amber mutant stocks, a series of enzymes may be isolated which differ from each other only in the position of substitution in the protein of a specified amino acid. This paper reports on the effect of heat on an array of 49 serine variants of ,B-galactosidase and provides a discussion of the data in relation to the conformation of the enzyme.
Since there is now good evidence that the threedimensional structure of a protein is determined by its amino acid sequence, it follows that a change in the sequence through mutation or suppression may alter or destabilize this three-dimensional conformation. Mutational changes in conformation are in turn believed to render a protein labile to denaturing agents such as heat, urea, and proteolytic enzymes. Ifparticular partsof an enzyme are especially concerned with maintaining conformation, a systematic replacement of amino acids along the polypeptide chain might reveal such regions under mild denaturing conditions. A convenient means of doing this is to isolate chain-terminating mutants (ambers or ochres) and to suppress them with suppressor genes which insert specific amino acids at the point in the polypeptide chain where translation ends. If the same suppressor gene is crossed into each of the amber mutant stocks, a series of enzymes may be isolated which differ from each other only in the position of substitution in the protein of a specified amino acid. This paper reports on the effect of heat on an array of 49 serine variants of ,B-galactosidase and provides a discussion of the data in relation to the conformation of the enzyme.
MATERIALS AND METHODS
Materials. The experimental organism was Escherichia coli K-12. Of the amber mutants used in this study, 19 were provided by A. Newton; the remaining 37 mutants were induced in the Hfr strain 3300 (lacI3) by N-methyl-N-nitroso-N'-nitroguanidine as described elsewhere (J. Langridge, Proc. Natl. Acad. Sci. U.S., in press). Many of the deletions used in mapping were isolated by Jacob et al. (11) ; others were induced by y-irradiation of a strain diploid for a polar mutation near the operator end of the fl-galactosidase gene. The following suppressor stocks from A. Newton were used: M 99 (supD), W 112 (supB), and W 26 (supC); these stocks were F-and streptomycin-resistant and carried a deletion removing the lactose operon and a closely linked proline gene. The stock containing the supE suppressor gene was prepared by inserting a deletion of the lactose operon into strain C600 which carried the suppressor. positive recombinants were selected. F+ and F-amber mutants were suppressed with lysate of phage Plkc grown on the appropriate suppressor stock.
The preparation of media and enzyme extracts and the crossing techniques were as described elsewhere (J. Langridge, Proc. Natl. Acad. Sci. U.S., in press).
Heat inactivation studies were done in a circulatingwater bath kept at 57.0 ± 0.2 C. For routine tests, racks of tubes containing 0.5 ml of enzyme extract were placed in the bath for 10 min, cooled rapidly in a stream of water at about 20 C, and assayed for enzyme activity. There was no reactivation of heatinactivated enzyme within 4 days of the heat treatment. The protein concentration of the extracts to be heated was adjusted, when necessary, by the addition of 50 to 100,g of bovine serum albumin (18) per ml.
Protein was assayed with the Folin-Ciocalteau reagent (14) .
RESULTS
Heat inactivation of j-galactosidase. Crude enzyme extracts from the wild-type and three serine-suppressed amber mutants were heated at 57 C to determine the kinetic pattern of inactivation. On the assumption that the time course of inactivation conforms to the expression 1-ekt for a single-hit curve (k is the number of effective hits per unit time, t, of heating), a plot of the log of the per cent activity remaining against time of heating should give a straight line of slope -k. The experimental data, however ( Fig. 1) , gave biphasic curves for both normal and altered fl-galactosidase, with very rapid inactivation of a fraction of the enzyme molecules occurring during the first 3 min of heating.
The heat treatment was given to enzyme extracts in phosphate buffer containing,B-mercaptoethanol (0.1 M), which helps to stabilize j3-galactosidase. In addition, j3-mercaptoethanol was found to activate 3-galactosidase to an extent which apparently depends upon the inherent stability and the age of the enzyme preparation.
The per cent activation by /l-mercaptoethanol of the enzyme preparations whose inactivation curves are plotted in Fig. 1 , is shown in Table 1 .
The degree of activation is roughly proportional to the amount of rapid inactivation occurring during the first 3 min of heating at 57 C. The identity of the ,-mercaptoethanol-activated fraction of the enzyme activity with that rapidly inactivated by heat is confirmed by the fact that a line ofconstant slope was obtained when the enzyme was heated without ,B-mercaptoethanol (Fig. 1 ). Table 1 .
Heat sensitivity of enzymes from serine-suppressed amber mutants. Enzyme extracts were made from 56 amber mutants crossed into the supD strain containing a deletion of the lactose TERTIARY STRUCTURE OF jl-GALACTOSIDASE operon. A list of these amber mutants, together with their specific ,B-galactosidase activities, is given in Table 2 . According to Garen et al. (9) , the supD suppressor allows completion of up to about 28%, of the alkaline phosphatase chains which would otherwise be terminated at the amber triplet. Therefore, as judged by the specific activity of the amber mutants, seven of those listed in Table 2 are revertants occurring during isolation of the suppressed form of the mutants. The remaining 49 mutants appear to owe their activity to suppression, although the enzyme activity varies from 2 to 38% of the wild type. This range in activity may be due to differences in suppressibility of the respective mutants or to differences in catalytic efficiency according to the position in the enzyme of the serine substitution. Table 2 also shows the enzyme activity remaining after 10 min of heating at 57 C, expressed as a percentage of the activity of the unheated enzyme. the instability because of interference with the a-helix, the insertion of glutamine should provide a molecule of greater stability because, unlike serine, glutamine is poorly reactive with other side chains (13) .
The specific activities and heat sensitivities of enzymes from the glutamine-suppressed mutants are shown in Table 3 , with the corresponding activities from the serine-suppressed mutants for comparison. Although there are some differences in the specific activities of the serine and glutamine 3-galactosidases, with few exceptions the temperature sensitivities are very similar. The enzyme of mutant 605 is the only one of those tested which, although very unstable in the serine form, is apparently completely stable in the glutamine form. This disparity in heat sensitivity may indicate that the mutation affects an a-helical region, but it is equally possible that the glutamine enzyme is stable because glutamine is the amino acid at this position in the wild-type enzyme.
Heat sensitivity of enzymes from some ochresuppressed amber mutants. The similar temperature sensitivities of the serine and glutamine forms of a given mutant enzyme suggest that the type of amino acid at a particular position in the protein has little effect on stability. This conclusion is supported by the behavior, on heating, of the enzymes of several amber mutants suppressed by ochre suppressors. The two ochre suppressors used, supB and supC, have an efficiency of chain propagation in E. coli of about 4% (3). The amino acids inserted by these ochre suppressors have not been identified, although it is reported (8) that sup-4, which appears to be identical with supC (4), inserts a neutral amino acid at the site corresponding to the ochre triplet. Table 4 gives the specific activities and temperature sensitivities of enzymes from six amber mutants suppressed by supB and supC; the temperature sensitivities of the serine and glutamine enzymes are included for comparison. These data indicate that the amino acids inserted by the ochre suppressors affect enzyme stability in the same way as do serine and glutamine. Ordering of amber mutations in the 3-galactosidase gene. The conclusion that the sites of some amino acids in ,B-galactosidase are sensitive to substitution whereas others are insensitive suggests that the enzyme may have discrete regions in which amino acid changes lead to instability. Accordingly, the order in the gene of the amber 17 14 TERTIARY STRUCTURE OF 13-GALACTOSIDASE mutations used in the heat sensitivity tests was determined.
Each of the 56 amber mutations was first located in one of 21 gene segments by crosses with deletions carried on episomes (1, 11) . Amber mutations in the same genetic segment, having distinct differences in the heat sensitivity of their suppressed enzymes, were then ordered by use of additional episomal deletions isolated after yirradiation. The eight remaining mutations specifying enzymes of different heat sensitivity, which the deletions failed to place in unique locations, were ordered by three-point crosses with the regulator gene (lacI) as the outside marker (12). This method gave unambiguous results, except for mutant sites that were very close together when negative interference tended to reduce the distribution of the lacI alleles in the recombinants to near equality.
The results of the mapping experiments and the data on temperature sensitivity for the serine enzymes of the amber mutants are combined in Fig. 2 . The pattern that emerges is one of sequences of polypeptide chain, either stable or unstable to heat in an irregularly alternating fashion for the first two-thirds of the enzyme. The carboxy-terminal one-third of the enzyme is either very unstable or of relatively increased instability to heat when substituted with serine. tution may correspond to an ordered arrangement of secondary, tertiary, or quaternary structure in the f-galactosidase molecule.
Enzyme secondary structure is provided mainly by a-helical regions. The content of the a-helix in ,B-galactosidase has not been determined, but a value of 25 % was calculated (23) using the serine, threonine, and proline content (5) to estimate the optical rotatory dispersion parameter (10) . aHelical regions may be expected to be relatively resistant to most amino acid changes because the a-helix is the most stable of the polypeptide conformations determined by intramolecular hydrogen bonds (19) . Serine side chains, however, are believed to cause disruption ofa-helical formations by hydrogen bonding between the serine hydroxyl oxygen and the hydrogen atom of the peptide linkage (6, 10, 13) . Since the replacement of serine by glutamine, which interacts only weakly with other side chains in the same molecule (13), did not change heat sensitivity, it is unlikely that the regions of heat instability in ,B-galactosidase correspond to stretches of a-helix.
The quaternary structure of 3-galactosidase is formed by the association of four identical subunits, the dimers and monomers being catalytically inactive (24) . If the unstable parts of the molecule correspond to amino acid sequences concerned with association to form the tetramer, serine substitution within one of these sequences may render the enzyme unstable to heat by favoring dissociation. ridge, unpublished data), no reactivation was obtained when serine-substituted enzymes, which had been partially inactivated by heat, were treated with 3-mercaptoethanol, incubated at various temperatures andpH, or reacted with antibodies specific to the f3-galactosidase tetramer. Unlike the normal enzyme, f3-galactosidase with a weakened quaternary structure undergoes partial dissociation at pH 5.5 (J. Langridge, unpublished data). When serine-substituted enzymes, particularly sensitive to heat, were passed through a Sephadex G 200 column at pH 5.5 and 8.5, all of the activity was recovered in the same molecular weight fraction, indicating that the enzymes were not especially sensitive to dissociation with a change in pH. The available evidence thus contradicts the possibility that temperature instability is a consequence of the loosening of quaternary structure.
The noncovalent bonds important in maintaining tertiary conformation are hydrogen bonds and especially hydrophobic interactions (2, 13, 15, 16) . Since most nonpolar (hydrophobic) side chains lie on the interior of the molecule, it has been suggested (16) that the pattern of these interior side chains is the prime determinant of tertiary conformation. Conversely, it has been noted (17) that many types of change in the side chain occur in the surface amino acids (predominantly hydrophilic) without apparently affecting tertiary structure. In the particular case of the amber mutants of the ,B-galactosidase gene, the enzymes produced by serine and glutamine suppression are likely to have only relatively mild changes in tertiary structure for the following reasons. First, if N-methyl-N-nitroso-N'-nitroguanidine causes transitions and transversions with equal frequency (7), about 75% of the amber mutations would affect triplets specifying hydrophilic amino acids; i.e., amino acids on the outside of the enzyme molecule. The remaining 25 % of the changes to uridine-adenosine-guanosine, affecting triplets for hydrophobic amino acids, may not be suppressible to give active enzyme by the insertion of hydrophilic amino acids such as serine and glutamine. According to Perutz (16) , the presence inside the protein of even a single nonpolar group with a large dipole moment would be sufficient to make its tertiary structure unstable. Second, since the side chain contribution of serine and glutamine to the free energy change for transfer to water is very small (less than 0.1 kcal/ mole; 20), the insertion of these amino acids by suppression would cause only a moderate change in the hydrophilic nature of the side chains.
The above considerations suggest that the usual result of insertion of serine and glutamine into the enzymes of amber mutants produced by N- methyl-N-nitroso-N'-nitroguanidine is to change slightly the hydrophilic nature of the side chains on the surface of the molecule. The heat-unstable regions of the /3-galactosidase molecule are therefore considered to be marking sequences which are very susceptible to slight changes in sidechain structure because of the importance of these regions in the functioning of the enzyme. This is in part substantiated by the correspondence between the apparent location of parts of the substrate binding site (J. Langridge, Proc. Natl. Acad. Sci. U.S., in press) and the regions of temperature instability. In Fig. 2 , the potentially unstable regions designated B, C, and F occur at the positions of the substrate binding sites I, I, and IJI, respectively. It may be significant that the unstable region, A, corresponds to the end of the a-segment (21) . The regions D and E have no known special function, whereas the co-segment, which starts at region F (22) and appears to be generally unstable when substituted with serine, contains three substrate binding sites. These correspondences suggest that the heat unstable regions are parts of the polypeptide chain which are in proximity, for binding or catalytic reasons, to the substrate molecule.
